We have studied the collisional loss rates for very cold cesium atoms held in a spontaneous-force optical trap. In contrast with previous work, we find that collisions involving excitation by the trapping light fields are the dominant loss mechanism. We also find that hyperfine-changing collisions between atoms in the ground state can be significant under some circumstances. The two dominant transfer processes are excited-state fine-structure changes and radiative redistribution. In the first, A changes its fine-structure state in the collision and the pair acquire a fine-structureinterval worth of kinetic energy. The second process, radiative redistribution, refers to A Areemitting a -photon which, because of the A-A* attractive potential, has substantially less energy than that of the photon which was initially absorbed.
numbers of very cold atoms. In this paper we present an experimental study of the collisions which eject atoms from such a trap. These collisions are of considerable interest because the temperatures of the trapped atoms (10 K) are far lower than in usual atomic collision experiments. The theory of such low-energy collisions and their novel features have been discussed by several authors.
Perhaps the most notable feature is that the collision times are very long, and the collision dynamics are dominated by long-range interactions and spontaneous emission. These collisions also have important impli- cations with regard to potential uses of optically trapped atoms. For many applications the maximum density that can be obtained is a critical parameter, and these collisions limit the attainable density.
There have been two experimental studies of collisions in optical traps. Gould In the initial stages of this work we loaded the trap with as many atoms as possible. This produced a large low-density cloud of trapped atoms which had a loss rate which was proportional to the total number of trapped atoms. The behavior of the cloud in this large-number regime showed a variety of complex cooperative behaviors which will be discussed in a later publication. We subsequently discovered that, when the number of atoms in the trap decreased, the diameter of the cloud diminished, while the density increased. When the number was much lower, the cloud became a small Gaussian sphere with a diameter of about 1.7 X 10 cm. Further reduction in the number of atoms then only reduced the density but not the diameter.
In Fig. 1 we show the fluorescence signal from the cloud in this constant-diameter regime, along with a fit which assumes a loss rate of the form dn/dt = -an Pn, w-here n is the density of atoms in the trap. We also assume that the fluorescence is proportional to the density. The figure shows that this is the appropriate dependence, and the n dependence indicates that collisions between the trapped atoms are causing loss from the trap. The a term is responsible for a simple exponential decay. For all the data presented here, we were careful to ensure that the initial number of atoms in the trap (3 x 10 ) was low enough that the cloud diameter remained constant. This was verified both by directly measuring the cloud diameter and by checking that the fluorescence decay had the expected time dependence.
As mentioned earlier, we measured collisional losses under two different conditions. The first approach, similar to that used in Ref. 9, was to simply examine the rate at which atoms were lost from the trap as a function of Fig. 1 to get Pno, and from the absorption measurements and the video image we obtained the initial density, no. The digitized image of the cloud showed that the fluorescence was a Gaussian distribution as one would expect. The initial density was between 1 and 4&&10 atoms/cm, and the probe-beam absorption was 2.5% to 10%. In Fig. 2 we show the dependence of P on the total intensity of all trap laser beams for a trap laser detuning of 5 MHz (1 natural linewidth). The scatter in the points provides a reasonable estimate of the uncertainty in the measurements. We should mention that there was far more scatter in the data before considerable effort was expended to improve the quality of the laser beam wave fronts, the alignment, and the measurement of the trap size.
We interpret the data as follows. The large P values seen in Fig. 2 ground-state atoms due to the Van de Waals interaction will give a P in the range 10 ' to 10 " cm /s, which is consistent with the data shown in Fig. 2 . Above 4 mW/cm, P appears to increase linearly with intensity.
We believe that this is due to the energy-transfer collisions of the type discussed above.
We studied these collisions in more detail by using an additional laser to illuminate the atoms in the trap. As mentioned earlier, measuring the P caused by this laser when it is detuned to the red provides a particularly good way to test the Gallagher-Pritchard model for these collisions. The data acquisition in this case was exactly the same as before. In Fig. 3 As a result, the probability of the atom getting in to small R before radiating has some dependence on its initial velocity. This probability also depends very sensi- 
